The relatedness of subgroup 1 geminiviruses from a variety of naturally infected southern African graminaceous hosts was compared by DNA cross-hybridization, restriction endonuclease mapping and partial sequencing. Cross-hybridization divided the viruses into three groups: those closely related to maize streak virus (MSVs), and separate groups comprising a Panicum sp. virus (PanSV) and two sugarcane viruses (SSVs). Restriction mapping and comparisons, and phylogeny reconstructions from map data, showed that mapped and sequenced maize viruses were all highly similar; that two viruses of grasses and wheat bore limited resemblance to each other and to MSV, and that a mapped local and a sequenced Kenyan PanSV were :similar, but that these and the two SSVs were dissimilar to each other and to all other subgroup 1 geminiviruses. The conclusions were: that maize viruses and the two viruses of wheat and grasses are probably strains of MSV; that two SSVs are only distantly related and distinct from MSVs; that the PanSVs are closely related to one another, but also distinct from other viruses; that all of the viruses in this study are part of a 'MSV-related sub-subgroup' of geminiviruses. Partial sequencing of cloned genomes reinforced conclusions drawn from other data, and indicated a definite relationship between the mapped and sequenced Panicum viruses. The implications of the results for taxonomic and epidemiological purposes are discussed.
Introduction
Maize streak virus (MSV) is the type member of a group of plant viruses with geminate particles and circular ssDNA genomes, which is now considered to be the taxonomic family Geminiviridae. MSV is in subgroup 1 (monopartite genomes, leaf hopper-transmitted, infect Gramineae), with wheat dwarf virus (WDV), chloris striate mosaic virus (CSMV), miscanthus streak virus (MiSV), digitaria streak virus (DSV) and sugarcane streak virus (SSV) among others. Viruses with monopartite genomes which are leafhopper-transmitted, but infect dicotyledenous plants, are in subgroup 2; viruses which have bipartite genomes, are whitefly-transmitted and infect dicotyledenous plants, are in subgroup 3 (Hull et al., 1991) .
The early literature on MSV suggested the existence of a number of geminiviruses distinct from MSV, as well as of strains of MSV (Storey & McClean, 1930; McClean, 1947) . Later the different viruses, such as one causing streak in Panicum spp., were designated as 'host-adapted' strains of MSV (Bock et al., 1974) . This classification trend has continued to the present, so that any geminivirus now found in an African grass is automatically designated as a strain of MSV, even when found to be only distantly related serologically to the maize strain of MSV or to 'strains' of MSV from other grasses Pinner & Markham, 1990b) .
Our group has previously shown, by serology, DNA cross-hybridization, restriction endonuclease mapping and polymerase chain reaction (PCR) DNA amplification and sequencing, that SSVs are probably distantly related strains of a distinct subgroup 1 geminivirus , whereas MSV isolates from widely separated geographical regions have remarkably similar genomes Rybicki et al., 1989; Rybicki & Hughes, 1990; Hughes et al., 1991) . This and other recent work has revealed the existence of an 'MSVrelated sub-subgroup' of viruses, comprising SSVs, MSVs and DSV: these viruses are all more closely related to one another than any is to CSMV, WDV and MiSV, or the latter are to each other (Howarth & Vandemark, 1989; Rybicki & Hughes, 1990; Hughes, 1991; Chatani et al., 1991 ; E. P. Rybicki, unpublished results) . The subsubgroup is hereinafter referred to as the 'streak virus group'.
We report the biological and molecular typing of a selection of African subgroup 1 geminiviruses from different areas and different host species, by DNA crosshybridization, restriction endonuclease mapping, and 0001-0743 © 1992 SGM partial DNA sequencing. The use of these techniques for rapid and accurate typing of subgroup 1 geminiviruses is discussed.
Methods
Virus isolates used and their origins. The origins, names and symptoms of virus isolates used in this studY are shown in Table 1 . The origins of DSV and of SSV-N and SSV-M are described elsewhere (Rybicki & Hughes, 1990) . We attempted to transmit most virus isolates to the MSV-susceptible maize cv. Potchefstroom Early Pearl, using virus-free Cicadulina mbila leafhoppers as described elsewhere ; M. B. von Wechmar, unpublished results) (see Table 1 ). Plants were maintained as detailed in Clarke et al. (1989) and Hughes (1991) .
Molecular cloning of virus replicative form (RF)-DNA.
Virus RF DNAs of the following isolates were cloned: MSV-SW, MSV-RSE, SetSV, WESV, PanSV, DSV, SSV-N and SSV-M (see Table 1 ). Total plant DNA was extracted, and when the concentration of viral RF DNA was low, it was purified from the total DNA Hughes et al., 1991) . Each RF DNA (or total DNA) was incubated with a restriction enzyme producing a single cut in viral DNA. Cloning and transformation methods were as detailed in Hughes et al. (1991) . Recombinants containing viral inserts were detected by probing colony blots with gel-purified insert DNA of cloned presumptive full-length MSV-SW labelled with digoxygenin-ll-dUTP (DIG) (BoehringerMannheim; Hughes et al., 1991) . Viral inserts were excised from the vector and sized by gel electrophoresis to check whether they were the same size and had the same restriction sites as the putatively linearized uncloned RF DNA. Recombinants were DIG-labelled and used to probe Southern-blotted total DNA extracts of infected and healthy plants to confirm their viral origin .
DNA cross-hybridization between virus isolates. Cross-hybridization was performed using the following DIG-labelled plasmids, all containing presumptive full-length genome clones, as probes: pRSE100, pSET100, pPSI00, pDSV100, pSS100 and pSSM100 (see Table 1 ). Viral DNAs were liberated using the appropriate restriction enzyme, and DIG-labelled. Uncloned RF DNA of the following virus isolates were used: MSV-RSE, SetSV, WESV, PanSV, DSV, SSV-N and SSV-M (see Table 1 ). Relative concentrations of the extracts were adjusted so that equal volumes contained approximately equal amounts of viral RF DNA. The components in the samples were then separated electrophoretically and blotted with the DIG-labelled probes.
Cloned isolates used as target DNAs were the same as those used as probes. Plasmids were digested so that viral DNA bands would not be confused with vector bands in blots. A single digest for each sample contained enough DNA to load replicate lanes in six gels (200 ng/lane). Cloned and uncloned viral DNAs in replicate gels were Southernblotted and hybridized as described by Hughes et al. (1991) .
Restriction endonuclease mapping and partial sequencing of cloned viruses. Mapping was performed as described elsewhere Hughes et al., 1991) . The following clones (see Table 1) were mapped: pBC200, pSWt00, pRSE100, pKoml00, pWES100, pSET100, pPSI00, pSSt00 and pSSM100. A 'standard set' of restriction enzymes was used: ApaI, BamHI, BglI, BglII, ClaI, EcoRI, HindIII, KpnI, PstI, PvuII, SacI, SalI and XhoI (Clarke et al., 1989; Hughes et al., 1991) . Complete nucleotide sequences of MSV-K (Howell, 1984 (Howell, , 1985 , MSV-N (MuUineaux et al., 1984) , MSV-S (Lazarowitz, 1988) , WDV (MacDowell et al., 1985) , CSMV (Andersen et al., 1988) , DSV (Donson et al., 1987) and SSV-N (Hughes, 1991;  GenBank accession number M33829) were obtained from the GenBank database, and that of an infectious clone of MiSV from Japan (Ikegami et al., 1990; Chatani et aL, 1991) (Briddon et al., 1992) , designated here as PanSV-Ken, formerly MSV-P(K)P-B , was obtained from R. Briddon (Department of Virus Research, John Innes Institute, Norwich, U.K.). Restriction site data were generated from these sequences using GENEPRO version 4.2 software (Riverside Scientific). Maps of sugarcane and grass isolates were oriented with respect to maps of maize isolates by Sanger dideoxynucleotide sequencing of 100 to 400 bases of the viral insert of the recombinant in the forward and/or reverse directions , sequencing inwards from the ends of the viral insert DNA. The sequence was obtained for one strand only for each end of the insert; this was repeated at least once for each insert. The sequences were aligned with the equivalent sequences of MSV-S, DSV, SSV-N and PanSV-Ken, and percentage sequence identities were calculated using GENEPRO.
Construction of relationship dendrograms from restriction map data.
DNA sequence divergence and evolutionary distances were calculated from aligned restriction maps using the mathematical models of Aoki et al. (1981) and N ei & Li (1979) , as described by Kirby et al. (1989) and Hughes et al. (1991) . Restriction sites were regarded as common or shared sites if their mapped positions coincided within an error of 2~ of total genome length. The FITCH programme in PHYLIP (Phylogeny Inference Package) version 3.3 (J. Felsenstein, Department of Genetics, University of Washington, Seattle, Wash., U.S.A.), and NJTREE version 2 (Saitou & Nei, 1987) , were both initially used to produce 'distance matrix' phylogenetic trees, as described elsewhere (Howarth & Vandemark, 1989; Rybicki & Hughes, 1990; Hughes et al., 1991; Rybicki, 1991) .
Results and Discussion

Transmission of viruses to maize
The symptoms produced in the natural host and in maize in the laboratory (if applicable) are shown in Table 1 . None of the grass or sugarcane viruses caused any more than very mild streak symptoms in the MSV-susceptible maize cv. used. In screening of many suspect subgroup 1 geminiviruses against a differential panel of maize types with a wide range of resistance to classic 'severe' MSV, it has been found that maize isolates generally produce severe symptoms in all but the most resistant maize types, whereas isolates from other grasses normally produce noticeable symptoms only in the most MSVsusceptible maize types, and in popcorn and sweetcorn lines (M. B. von Wechmar, unpublished results).
DNA cross-hybridization between virus isolates
The Ventersdorp wheat virus proved to be identical to the Howick Eleusine sp. virus by a number of criteria (see WESV, Table 1 ; Hughes, 1991; F. L. Hughes, unpublished results) ; therefore the wheat isolate was used for extraction of viral DNA, as purification was easier from wheat. The extent of DNA cross-hybridization between Julia & Dollet, 1989) .
some virus isolates is shown in Fig. 1 , and all the results are summarized in Table 2 . The results for cloned and uncloned target DNAs were very similar, indicating that the levels of cross-hybridization shown between virus isolates were not due to infection of the source plant by two or more different viruses, or to cloning of an unrepresentative sequence. Under a defined set of reaction conditions, the extent of DNA cross-hybridization between two viral DNAs is determined by the number of regions of shared sequence similarity, and the extent of sequence similarity within those regions (Sambrook et al., 1989) . We have shown previously that estimated hybridization intensities between DNAs of subgroup 1 geminiviruses correlate well with pairwise sequence similarities (Rybicki & Hughes, 1990; Hughes et al., 1991) . For example, we find DSV, MSV and SSV-N DNAs to be mutually non-crosshybridizing (Table 2, Fig. 1 ). These viruses share approximately 60~ total DNA sequence similarity (Donson et al., 1987; Hughes, 1991) , with only very short stretches of sequence identity; therefore, from these and other results (F. L. Hughes, unpublished results), nonhybridization in our experiments indicates an overall sequence similarity between target and probe of 65 ~ or less. This study, therefore, shows that (i) WESV and SetSV are closely related (but non-identical) to MSV-RSE; (ii) SSV-M is distantly related to SSV-N; (iii) as groups, the MSVs (including SetSV and WESV), PanSVs, SSVs and DSV are approximately equally distinct from one another. Blots were probed as follows; (b) with MSV-RSE (pRSE100); (c) with SetSV (pSET100); (d) with PanSV-Kar (pPS100); (e) with DSV (pDSV 100); (J3 with SSV-N (pSS 100). Probes were DIG-labelled and reactions were developed using the colour reagents in the DIG kit (Boehringer-Mannheim). 
SSV-M
Restriction endonuclease maps of cloned virus isolates and sequence distance estimation
Aligned restriction maps are shown in Fig. 2(a, b) 2). Table 3 summarizes the numbers of restriction sites apparently shared, and the calculated sequence divergence, between all possible pairwise comparisons of maps shown in Fig. 2 of the viruses known or suspected to be in the streak virus group: these were all maize isolates, WESV and SetSV, DSV, SSVs and PanSVs.
Restriction endonuclease mapping is typically described as an inexact method, with an unavoidable experimental error of up to 10% in site placement (Kaplan, 1983) . However comparison of experimentally obtained and nucleotide sequence-generated restriction maps for SSV-N showed that all sites were placed correctly in relation to one another, with a mean r, where s = proportion of sites shared between two maps, and r = no. base pairs in the site (= 6).
Zero sites shared were converted to 1 for purposes of calculation. MSV-S, MSV-N, MSV-K, DSV, PanSV-Ken: see Fig. 2 . Other isolate designations are as shown in Table 1 . WDV, CSMV and MiSV were omitted because their sequence similarities to each other and to the viruses in the Table  (+ 50%) were too low for meaningful restriction site comparisons to be made. positional error of 32 bases, or only 1 to 2% of genome length (Hughes, 1991; Hughes et al., 1991) . In Table 3 , the estimated pairwise sequence differences between maize viruses ranged from 2 to 14 %, with only three of 25 pairwise differences above 8 %. This range agrees well with earlier estimates of MSV sequence variation Hughes et al., 1991) , and with published MSV sequences (Lazarowitz, 1988) . Thus, map analysis appears to give an accurate picture of the variation of closely related viruses, whereas demonstration of a dissimilar map is a reliable indicator of substantial sequence differences.
The restriction maps of WESV and SetSV show more similarity to each other and to the maps of maize viruses than they do to any other virus (Fig. 2) , and estimated pairwise sequence differences reinforce this observation (Table 3 ). This agrees with DNA cross-hybridization results, and indicates a relatively close relationship between these two grass viruses, and between them and MSVs. The two SSVs are also apparently nearest (though distant) neighbours in Table 3 , in agreement with hybridization and serological results Hughes et al., 1991; Hughes, 1991) . As far as apparent relationships between other grass viruses are concerned, however, this method of assessing sequence similarities is apparently inaccurate below 80~ overall similarity (Nei & Li, 1979; Gibbs & Fenner, 1984; Kirby et al., 1989; Hughes et al., 1991) . Therefore any apparent sharing of sites between any of the more distantly related viruses, such as DSV and SetSV, or any 'streak virus' and CSMV, WDV or MiSV, is probably due to stochastic error, since the overall number of apparently shared sites is very small (Table 3 and Fig. 2) . Thus, the simplest conclusion is that the maps of SSVs, PanSVs, WDV, CSMV and MiSV showed no correspondence either with the consensus MSV map or with one another (Fig. 2) .
Phylogeny reconstruction from restriction map data
The calculated percent sequence divergences for a subset of the viruses in Table 3 were used in NJTREE to generate the relationship dendrogram shown in Fig. 3 . The dendrogram generated using FITCH on the same data set (not shown) was very similar overall to that produced using NJTREE; the latter was used because of its greater speed and lack of dependence of dendrogram topology on the order of data input (Rybicki, 1990; E. P. Rybicki, unpublished results) . Only viruses closely related to MSV are shown in the dendrogram, as the estimated sequence divergences of the other viruses are beyond the accurate area of estimation of this method (see above). In all dendrograms generated (not shown), SetSV and WESV are the most distantly related viruses to the maize isolates, whereas they appear marginally more closely related to one another, with a calculated sequence difference between the two of 15~. This MSV-Set Fig. 3 . Phylogenetic tree generated from restriction map data for MSV isolates and related strains. Dendrogram generated from calculated pairwise distances of MSV-related viruses from Table 3 using NJTREE version 2. Horizontal distances are proportional to sequence divergence from nodes; vertical distance is arbitrary. The dendrogram was rooted using DSV and SSV-M as outgroups, and with reference to established phylogenies (Howarth & Vandemark, 1989; Rybicki & Hughes, 1990) . MSV-Set = SetSV, MSV-WES = WESV (Tables 1 and  3) .
correlates closely with an estimate of 20% difference from comparisons of partial PCR-generated sequences (E. P. Rybicki & F. L. Hughes, unpublished results). The broad relationship picture in Fig. 3 is that of a closely related cluster of five viruses (MSV-K, -S, -N, -PE, -Kom) with others such as MSV-SW, MSV-Koe, MSV-RSE and the two grass viruses being more distinguishable. This is probably the most comprehensive conclusion on quantitative relationships that can be drawn from this type of data; more rigorous maximum parsimony analysis produces a consensus dendrogram with basic groupings very similar to that described above, but without the fine detail of Fig. 3 (E. P. Rybicki, unpublished results). Given that MSV-S, MSV-N and MSV-K share about 97% sequence identity (Lazarowitz, 1988) , the close relationship of these to the mapped isolates in Fig. 3 may be appreciated. The greater distance between these and MSV-Koe and MSV-SW is also consistent with partial sequence data from PCR-amplified fragments of these viruses (E. P. Rybicki & S. Dennis, unpublished results), and the fact that MSV-SW has a larger genome than other MSV isolates (this paper, and Clarke et al., 1989) .
Partial sequencing of cloned virus isolates
Percentage sequence identities between the partial sequences and the equivalent sequences of MSV-S, SSV-N, PanSV-Ken and DSV are shown in Table 4 , and the partial sequences of PanSV-Kar and SSV-M are shown in Fig. 4 . Comparisons of the partial sequences with cognate regions of WDV, CSMV and MiSV are not shown in Table 4 as these were all non-significant in terms of relatedness (i.e. 32 to 45% apparent identity; E. P. Rybicki, unpublished results) .
Separate comparisons of all open reading frames (ORFs) or even of shorter sequences give much the same relationship picture as comparisons of whole genomes; the closer relationship of viruses of the streak virus group compared to MiSV, WDV and CSMV may be shown from comparison of sequences as short as 254 bases in the C20RF (Rybicki & Hughes, 1990 ; E. P. Rybicki & S. Dennis, unpublished results).
Similarities of WESV and SetSV partial sequences were greatest with corresponding MSV-S sequences, and far less with non-MSV genomes. This agrees well with conclusions from hybridization and mapping, and indicates that they should be considered as 'grass strains' of MSV. We accordingly now designate them as MSV-WES and MSV-Set respectively. Pinner & Markham (1990a) describe virus isolates from Setaria spp. from central Africa as being serologically close to, but distinct from, maize isolates. It is possible that a virus from an indigenous Setaria spp. was the origin of the closely related viruses infecting (imported) maize. Ours is the first detailed characterization of a wheat strain of MSV; it is interesting that the same virus should be isolated from a grass and from wheat in two different locations, and that a virus distinct from maize MSV should be obtained from wheat grown in an area which is also maize-producing (Hughes, 1991; M. B. von Wechmar, unpublished results) .
The 227 bp PanSV-Kar sequence (Fig. 4 , Table 4 ) is also most similar to the corresponding PanSV-Ken sequence, less similar to SSV-N, DSV or MSV-S, and essentially dissimilar (not shown) to cognate sequences in MiSV, WDV and CSMV. If the partial sequence similarity between the PanSVs is representative of the entire genome, the strong similarity between the restriction maps is accounted for, as is the lack of hybridization of PanSV-Kar with other viruses (Fig. 1, Table 2 ). The documented biological, serological and total sequence differences between PanSV-Ken and other subgroup I geminiviruses Pinner & Markham, 1990a, b; Briddon et al., 1992) , appear to justify its designation as a distinct virus. The similarity in restriction maps and partial sequence shown here between PanSV-Kar and PanSV-Ken indicate they are related strains of the same virus. All the Panicum spp. subgroup 1 geminiviruses so far characterized appear relatively closely related, regardless of origin (Pinner & Markham, 1990a, b; Rybicki, 1990) . This is similar to the case for MSV isolates, and could mean that these Table 1 . Sequences were obtained using pUC universal (forward) sequencing primer. Boulton et al. (1989) . different viruses (and their strains) are ubiquitous in Africa.
Neither of the two C1 or V1 ORF partial sequences obtained for SSV-M showed significantly greater similarity to the corresponding SSV-N sequences than to any other (Table 4) , which does not correlate well with hybridization results and with restriction mapping ( Fig.  1 and 2, Table 3 ) which showed the two to be nearest, if distant, neighbours. However, when one takes into account that the percentage direct DNA sequence similarity between subgroup 1 geminiviruses genome segments declines in the order C20RF > C1 ORF > V1 ORF (= CP) > V2 ORF > intergenic regions (Andersen et al., 1988; Hughes, 1991; E. P. Rybicki, unpublished results) , it is evident that comparison of short sequences of the less closely related V 1 and C 10RFs may not be as useful for revealing distant relationships as the PCRgenerated highly conserved C20RF partial sequences used earlier (Rybicki & Hughes, 1990) . It is interesting that the C2 sequence relationships correlate well with whole genome comparison data such as those provided by genome hybridization and mapping. Given the geographical origins of the viruses (Mauritius and mainland Africa), it is not very likely that much exchange of vector leafhoppers or of plant material has occurred historically (Hughes, 1991) . As sugarcane is an introduced host in both locations, it is possible that evolutionarily distantly related indigenous viruses independently infected sugarcane in the different locations, rather than the same virus infected 'ancestral sugarcane', and then diverged to give such distant strains.
The estimated divergences in Table 3 for the PanSVs (4~o) and for the SSVs (18~o) are both underestimates, compared to results from sequencing (PanSVs, 16~o; SSVs, 19 to 30~). This illustrates the problems inherent in estimating distances from a small number of shared sites (seven of 18 total for PanSVs, and four of 24 for SSVs), as compared to estimates made for MSV isolates (e.g. 13 shared of 31 total for MSV-S and -PE).
The conclusions are that all maize isolates of MSV are very similar, that MSV-Set and MSV-WES are similar to but distinct from maize isolates of MSV and from each other, that the PanSVs, SSVs, DSV and MSVs are all distinct groups, that SSV-M is only distantly related to SSV-N, and that all of the viruses in this study form part of the streak virus group of subgroup 1 geminiviruses as they are all apparently more closely related to one another than any is WDV, CSMV or MiSV.
Genome typing and serology
Serological comparisons between subgroup 1 geminiviruses Pinner & Markham, 1990a, b) have been useful in broadly determining medium-to long-range relationships, and in showing relationships between viruses that do not cross-hybridize. Serological differentiation indices (SDIs) may also be used as distance measurements to derive phylogenies for subgroup 1 geminiviruses (Rybicki, 1991) , which agree well with those derived in the present study and elsewhere (Rybicki & Hughes, 1990; Hughes, 1991 ; E. P. Rybicki, unpublished results) . However, serological methods are less appropriate for determining differences between closely related strains of MSV than is restriction map analysis. Various workers Pinner & Markham, 1990a; Peterschmitt et al., 1990) could not serologically differentiate most maize isolates of MSV, whereas we (this paper; Clarke et al., 1989; Hughes et al., 1991) , were able to differentiate all tested isolates of MSV and related viruses by restriction mapping. The characteristics obtained from restriction mapping are also more representative of the entire genome than are serological properties, which are normally defined solely by coat protein epitopes. Mapping moreover provides 'absolute' and not comparative measurements, unlike SDIs. In practical terms, this means map information for viruses A, B and C allows all possible pairwise comparisons between these and other maps, whereas serological comparison of A and B and B and C gives no information on the relationship between A and C.
In conclusion, we propose that our approach may be used to good effect in epidemiological surveys for any geminivirus. In practice, detailed maps of new isolates would be determined for comparison with a reference database of virus maps constructed with a common panel of restriction enzymes. As demonstrated here, map and hybridization affinities would reflect a relationship with a characterized virus; lack of hybridization and a unique map would indicate a new virus. Limited sequencing (preferably of C20RF sequences) would serve to identify long-range relationships. In this way, it is hoped that eventually the full range of natural variability of the genomes of these viruses can be covered, without extensive sequencing or laborious reciprocal serological testing. It was gratifying that the partial sequencing done here and the complete sequences known for a number of the viruses correlated so well with the differences shown by restriction mapping and hybridization. This means the latter two (cheaper) techniques may be used with confidence for typing these viruses in future.
